Cell wall isolation procedures were evaluated to determine their effect on the total pectin content and the degree of methylesterification of tomato (Lycopersicon esculentum L.) fruit cell walls. Water homogenates liberate substantial amounts of buffer soluble uronic acid, 5.2 milligrams uronic acid/100 milligrams wall. Solubilization appears to be a consequence of autohydrolysis mediated by polygalacturonase 11, isoenzymes A and B, since the uronic acid release from the wall residue can be suppressed by homogenization in the presence of 50% ethanol followed by heating. The extent of methylesterification in heatinactivated cell walls, 94 mole %, was significantly greater than with water homogenates, 56 mole %. The results suggest that autohydrolysis, mediated by cell wall-associated enzymes, accounts for the solubilization of tomato fruit pectin in vitro. Endogenous enzymes also account for a decrease in the methylesterification during the cell wall preparation. The heat-inacffvated cell wall preparation was superior to the other methods studied since it reduces,-elimination during heating and inactivates constitutive enzymes that may modify pectin structure. This heat-inactivated cell wall preparation was used in subsequent enzymatic analysis of the pectin structure. Purified tomato fruit polygalacturonase and partially purified pectinmethylesterase were used to assess changes in constitutive substrates during tomato fruit ripening. Polygalacturonase treatment of heat-inactivated cell walls from mature green and breaker stages released 14% of the uronic acid. The extent of the release of polyuronides by polygalacturonase was fruit development stage dependent. At the tuming stage, 21% of the pectin fraction was released, a value which increased to a maximum of 28% of the uronides at the red ripe stage. Pretreatment of the walls with purified tomato pectinesterase rendered walls from all ripening stages equally susceptible to polygalacturonase. Quantitatively, the release of uronides by polygalacturonase from all pectinesterase treated cell walls was equivalent to polygalacturonase treatment of walls at the ripe stage. Uronide polymers released by polygalacturonase contain galacturonic acid, rhamnose, galactose, arabinose, xylose, and glucose. As a function of development, an increase in the release of galacturonic acid and rhamnose was observed (40 and 6% of these polymers at the mature green stage to 54 and 15% at the red ripe stage, respectively). The amount of galactose and arabinose released by exogenous polygalacturonase decreased during development (41 and 11% from walls of mature green fruit to 11 and 6% at the red ripe stage, respectively). Minor amounts of glucose and xylose released from the wall by exog- ' Supported, in part, by a gift from Chesebrough-Ponds Inc.
enous polygalacturonase (4-7%) remained constant throughout fruit development.
The appearance of PG3 during fruit maturation in tomato and its correlation to ripening and softening events has been well documented (6, 9) . Previous reports focused on the physical properties of the enzyme including temperature of inactivation and specific ion interactions (3) . These features of PG action have generally been evaluated using substrates, usually citrus pectin, of unspecified composition. Little information is available concerning the effect of tomato fruit PG on constitutive wall pectins. In two reports, walls from mature green tomato fruit were employed to examine PG action (24, 28) , but the extent of pectin hydrolysis in walls prepared at different developmental stages was not evaluated.
Similarly, most previous reports on PE have been performed using polymers extracted from diverse sources (21, 23) . One must be concerned that by virtue of extraction procedures, these soluble polymers may be significantly modified both in structure and in hydrolytic susceptibility by deesterification or hydrolysis of glycosidic bonds.
Methods of cell wall preparation are critical in the evaluation of component polysaccharide structure. Chemical treatments with salts (8) , acid (26) , alkali (10, 13, 16) and organic solvents (26) may modify or extract certain polymers from the wall. Similarly, the presence of active cell wall hydrolases may modify cell wall polymers. Pectic components of the cell wall are especially susceptible to chemical treatments. Heat and alkali treatments mediate ,-elimination reactions which reduce overall polymer length (2, 16) . Furthermore, alkaline pH can deesterify methyl groups (31) and associated phenolics (7) from the polysaccharide. Treatment of cell walls with organic solvents such as chloroform and acetone dehydrate the cell wall. Dehydration may alter hydrophobic interactions and change hydrogen bonding between polymers. Physical characteristics are modified during dehydration, and these changes may restrict subsequent rehydration. Accessibility within complex polymers may impair the capacity ofenzymes to act on polysaccharide components.
Surprisingly little is known concerning cell wall modifications during senescence of processing cultivars of tomatoes. Selection through plant breeding has generated processing lines that remain firmer throughout ripening while retaining other characteristics including ethylene production and enzyme induction. While the ripening mutants of fresh market tomatoes such as rin and nor have been used to evaluate texture and softening events related to the induction of specific enzymes, the interpretation of the results is confounded by substantial modifications of the ripening mechanism of these genotypes (29) . This fact evokes certain reservations in the use of these mutants for studying specific fruit softening mechanisms. An investigation of processing varieties may lead to an enhanced understanding of the role that the cell wall plays in fruit softening and may provide a biochemical basis for interpreting changes in texture. Ultimately, an understanding ofthe texture modification mechanism in tomato fruit may be employed to improve the quality of processed products.
In this study, the pectic components ofthe tomato fruit cell walls were examined. Cell wall isolation methodology was examined to determine the extent that physical changes, which occur during cell wall isolation, affect the physiological interpretation of pectin chemistry. Second, a comparison of cell walls from different developmental stages was used to examine the effect of PG on the pectin content of the fruit cell walls. By utilizing purified tomato fruit PG and PE, and cell walls extracted using a method which minimizes modification, the susceptibility of the cell wall pectin to PG was examined as a function of the degree of esterification of its native substrate.
MATERIALS AND METHODS

Plant Material
Field grown tomato fruit (Lycopersicon esculentum cv VF 145B-7879) were harvested and visually sorted by ripening stage (5) . Fruit were surface-sterilized for 10 min in 0.1% hypochlorite, rinsed in water, halved, and the locular fluid was removed with a spatula. The pericarp with skin attached was frozen in liquid N2 and maintained at -20°C.
Preparation of Tomato Fruit Cell Walls
Extraction of tomato fruit cell walls is outlined in Figure 1 . All aqueous solutions contain 0.02% thimerosal (Sigma) to suppress microbial growth. Fifty g (frozen weight) of tomato fruit pericarp were peeled and homogenized in a Waring blender with cold water or cold 50% (v/v) ethanol. Cold water homogenates were washed with 1 L cold water over a coarse sintered glass funnel, followed by 1 L chloroform-methanol (1:1), and 1 L acetone. The acetone washed cell wall residue was then vacuum-dried at 22°C (CM walls). A subfraction of the acetone-washed walls was resuspended in 50% ethanol, heated to 80°C and, allowed to reflux 20 min to heat-inactivate cell wall hydrolases. The heat-treated cell walls were washed with acetone as described above and vacuum-dried at 22°C (H-CM walls).
Ethanol homogenates were prepared using two methods. First, the homogenate was washed in 1 L 50% ethanol over a coarse sintered glass funnel followed by 1 L chloroformmethanol (1:1), and 1 L acetone. The acetone washed cell walls were vacuum-dried at 22°C (EtOH-CM walls). Second, cell wall homogenates were heated to 80°C for 20 min to irreversibly inactive endogenous enzymes. Heated walls were washed in 50% ethanol, then with acetone and vacuum-drived at 22°C (HCW).
Preparation of Autolyzed Native Substrate
Because mature green (MG) fruit tissue contains substantial PE activity, but no PG, it was feasible to exploit autolysis to deesterify native pectins (24, 30) . Frozen 
Analysis of Wall Carbohydrate Components
Total UA content (1) and the degree of esterification (31) of the cell walls were determined after dehydrating native walls with acetone followed by vacuum drying. Soluble UA were measured according to Blumenkrantz and Asboe-Hansen (4). Neutral sugar composition was determined according to Hatfield and Nevins (12) . Identification of galacturonic acid in polymers was accomplished after reduction ofcarboxyl groups with CMC (19) . Quantitative conversion of galacturonic acid to galactose was confirmed by GLC of alditol acetates following TFA hydrolysis.
Isolation and Purification of PG and PE PG was isolated from field-grown, ripe VF145B-7879 processing tomatoes using the procedure of DellaPenna et al. (6) . Following the elution of PG with 10 mM a-methylmannoside from a concanavalin A-Sepharose 4B column, the PG fraction formed a single band on SDS-PAGE. Activity corresponding to PG was associated with the protein band on a nondenaturing gel (20) .
The void fraction from concanavalin A chromatography, comprised of PE, revealed five major proteins on SDS-PAGE. The PE fraction did not release any detectable carbohydrate derived from cell wall polymers when assayed with tomato fruit walls as substrate. Glycosidase activity was absent even after 1 h incubation of this fraction when assayed according to Wallner and Walker (30) D-mannoside were purchased from Koch-Light Laboratories, all others from Sigma Chemical Co.). The PE fraction contained some a-amylase. No differences in PG or PE activities nor changes in qualitative characteristics of column profiles were observed when freshly harvested tissue was compared to tissue frozen and stored at -20°C.
PG Hydrolysis
Aliquots of PG (5 ,ug, 800 ,tg GalA reducing equivalents h-') were used in all experiments. The extent of PG-mediated hydrolysis was determined after incubation of 5 to 10 mg HCW material in 2 mL 20 mm acetate (pH 5.0) for 24 h. After treatment, the insoluble cell wall material was collected by centrifugation, 5OOg for 2 min, and the supernatant fluid analyzed for carbohydrate content. Released polymers were analyzed for UA content as described above.
PE Pretreatment of HCW
Cell walls, with endogenous enzymes inactivated by heat treatment, were incubated with 5 ,ug PE, with activity capable of releasing 1.5 ,ug methanol min-'. The incubation was continued for 12 h in 2 mL 20 mm acetate buffer (pH 5.0).
The degree of polymer methylesterification was monitored according to Wood and Siddiqui (31) . Because ofthe presence of a-amylase in the PE preparation, cell walls residues were washed with 20 mL of the incubation buffer over a 30 ,um nylon mesh to remove products of starch digestion. The retained residues were used for subsequent evaluations of PG susceptibility.
RESULTS
Total Cell Wall Pectin Content
Ethanol was employed to dehydrate tissue or precipitate or denature proteins. The presence of 50% ethanol reversibly inhibits PG activity in vitro thereby suppressing autolysis of ripe tomato fruit tissue (Fig. 2) . The total UA content in the preparation, which quantitatively reflects the amount of pectin in red ripe tomato fruit, was similar in all five isolation procedures ( Table I ). The total UA of CM walls and HCW walls is identical, but the difference in soluble uronides suggests that heat inactivation in the presence of ethanol may protect the pectin polymers from degradation and thus reduce pectin loss during tissue preparation.
Buffer Soluble Pectin Content
When the soluble components of wall preparations are examined after incubation in buffer at pH 5.0 (Table I) , all preparations except HCW contained some solubilized pectin. Since the total pectin content is the same in these extractions, we propose that solubilization of pectins is due to in vitro PG activity during the aqueous phase of the cell wall preparation. This hypothesis is supported by the observation that the amount of soluble UA is similar between the CM preparation and that obtained by autolysis of red ripe fruit cell walls. The amount of UA released by autolysis, 6.0 mg/100 mg wall (Fig. 3) , and solubilized from CM walls, 5.2 mg/100 mg wall (Table I) , is also similar to the amount of pectin released by specific digestion of HCW with purified PG, 5.2 mg/100 mg wall.
The amount of UA solubilized by the autolysis of walls at 4°C for 30 min, ca. 1 mg/100 mg wall (Fig. 3) , is the extent of hydrolysis anticipated during the aqueous phase of the CM extraction procedure. However, the amount ofUA solubilized during incubation in buffer after CM extraction, 5.2 mg/100 mg wall (Table I) , is much greater than the amount expected. Substantial PG activity might be preserved during the chloroform-methanol and acetone dehydration of the tissue or alternatively, substantial ,-elimination occurs. The fact that only 1 mg UA/100 mg wall is solubilized from H-CM walls (Table I) (24, 28, 31) . Differences in extraction methodology may explain this discrepancy. The method for estimating methylester content does not discriminate between methanol released from UA, proteins, or deterioration products from alkali treatment of the cell wall (31) . Following PE treatment, 30% methylester content remains in heat-inactivated MG fruit cell walls, and MG fruit cell walls following autolysis have a residual methylester content of 13%. This residual methanol content in the cell wall preparation may reflect the amount of non-UA methylesters or inaccessibility of the substrate to PE. 
Composition of HCW Tomato Fruit Cell Walls
Cell walls of a processing tomato variety, VF 145B-7879, were analyzed for UA content and for the degree of uronide methylesterification at selected ripening stages (MG, B, T, P, and R) (Fig. 4) . The total UA content remained constant at about 18% (UA weight/dry weight) throughout ripening. The degree of esterification decreased from 90% (mol methanol/ mol UA) at MG and B stages to 35% at the pink and ripe stages.
Changes in PG and PE-Susceptibile Polymers of Tomato Fruit Cell Walls
Heat-treated tomato fruit cell walls were incubated in the presence of PG until no additional UA was solubilized (24 h). PG was capable of releasing 2.6 mg UA/100 mg from heat-inactivated MG fruit cell walls, corresponding to 14% of the total UA (Fig. 5) . PG mediated release of UA from walls of the breaker stage was similar to that observed for MG (Fig. 5) . In all cases, polymers released by PG have a degree of polymerization of between 2 and 10 UA monomer units when subjected to fractionation on a DEAE column (data not shown) (17) . Pretreatment of HCW with PE decreased the mol percent of methylesterified UA to about 30% at all stages of development. Subsequent treatment of the deesterified wall residues with PG released 5.3 mg UA/100 mg wall from all stages of ripening (Fig. 5 ). This value, 5.3 mg UA/100 mg wall, corresponds to the amount released from walls of the ripe stage and also to that released upon PG treatment of AWR.
Carbohydrate Composition of Polymers Released by PG and PE Treatment
Polymers released from HCW upon subjecting them to a 24 h treatment with PG were comprised of GalUA, Gal, Rha, Ara, Xyl, and Glu (Table III) . Monomeric components of polymers derived from MG and B fruit were predominantly UA, 35-40%, and galactose, 27 to 33%. Polymers released from AWR also contained 40% UA but contained more galactose (41%). As the fruit developed from the turning to the ripe stage, there was a significant increase in the release of GalUA-containing and Rha-containing polymers coupled with a decrease in Ara and Gal components. Fragments released by PG following PE pretreatment did not differ in neutral sugar composition from fragments released by PG treatment alone (data not shown).
DISCUSSION
The cell walls of plants are dynamic in nature. A change in one constituent may lead to an altered physiological function ofa specific organ or tissue. It is essential therefore, to preserve the integrity ofthe cell wall during isolation to ensure minimal modifications of structural constituents. We have compared the pectic components from the cell wall of tomato fruit pericarp tissue, extracted using various procedures, to determine the consequences of methodology on the total pectin content and the degree of esterification. The purpose was to determine the most valid wall isolation method for subsequent enzyme treatments. Purified tomato fruit PG and PE differentially degrade wall substrates isolated from fruit at selected developmental stages. To resolve the interaction this study addresses two additional objectives: (a) a partial identification of the native substrate in the tomato fruit and (b) an assessment of the degree of esterification of fruit pectins as a function of developmental stage. The tomato fruit system offers a unique model for studying pectin structure since tomato fruit are high in UA, 20% of the cell wall (Fig. 4) , and have developmentally dependent changes in their methylesterification, 90 mol % methylesterification in mature green fruit tissue, and 30% in red ripe tissue (Fig. 4) . Preparation of pectin-rich cell walls without enzymatic activity often involves procedures that may modify carbohydrate structure such as heating (14) or inactivation with phenol:acetic acid:water (26) . Tissues heat-inactivated in 50% ethanol (HCW) have been used to identify starch content (15) and as an enzymatic control for autolytic reactions (25) . Chloroform-methanol extracts have been extensively used to prepare pectin rich walls (1, 1 1) and for the isolation of cell wall polysaccharides for structural determination (12, 22) .
Gross and Wallner (1 1) demonstrated that wall polymers, extracted in buffer from ripe tomato fruit cell walls, were similar to a fraction in mature green fruit that was degraded by wall hydrolases extracted from ripe fruit. Furthermore, they detected no change in the water soluble fraction of rin fruit, a mutant which lacks significant amounts of PG. Gross (10) subsequently examined the composition of fruit cell walls by fractionation using conventional procedures. The most significant change noted in the wall composition during ripening was a decrease in the UA content of the covalently bound pectin fraction. Huber (13) investigated the mol wt distribution of EDTA-soluble pectin fractions and found a decrease in size during development. These studies have led to the proposal that the increase in pectin solubilization or the change in pectin size is the consequence of the action of PG in situ. Our results suggest that the preparation procedures used might have allowed PG to act on the cell wall in vitro. Any conclusion that PG was active in situ prior to cell wall extraction might be in error.
Modifications of pectins may occur during the extraction of cell walls. These modifications are a result of autolytic reactions primarily by PG and PE in extraction steps involving aqueous phases. Although PE activity appears to decrease after dehydration, substantial PG may remain active. Extraction ofthe cell wall in 50% ethanol inactivates PG and appears to protect the pectin from ,B-elimination reactions during subsequent heat-inactivation. No soluble products of UA are observed during incubation after heat-inactivation. ,B-Elimination reactions are normally observed when methylpectins are heated or incubated in neutral solutions (2, 16) . Perhaps the mode of inhibition of PG mediated autolysis by ethanol results from a direct association of ethanol with the pectin molecule. By replacing or displacing water molecules, enzymatic activity is restricted by limiting accessibility of the enzyme. The displacement of water might also account for a reduction of p-elimination reactions by limiting interactions of water with methylpectins. The HCW extraction procedure appears superior to other extractions examined since it provides optimum conditions for the preservation of cell wall structure by inactivating constitutive enzymes that may modify pectin structure.
Tomato fruit cell wall uronides are highly esterified early in development but become progressively deesterified during ripening. In vivo assays generally show PE activity is relatively abundant and constant at all stages of ripening (Fig. 4) . Autolysis results in deesterification to a residual 30% in AWR by endogenous PE within 10 min after ethanol inhibition of enzyme activity is alleviated. This residual amount of esterification may be due to enzyme specificity, restriction of accessibility of the enzyme by hydrophobic interactions between pectin molecules due to methylesters, or due to Ca2" chelation of the pectin. The rate of in situ methyl-deesterification of wall uronides, observed by differences in the degree of esterification of walls extracted at specific ripening stages, occurs at a much slower rate (4 Although PG is present in the cell wall just prior to breaker stage (6), the enzyme would appear to be limited in its capacity to release uronide components at this stage, presumably due to the high level of substrate esterification.
Polysaccharide fragments containing GalA and Rha released by PG may be similar to a rhamnogalacturonan derived from sycamore suspension cultures (19, 27) . The most obvious difference in neutral sugar composition between the solubilized tomato polymers and sycamore RGI is the presence of minor quantities of Glc and Xyl polymers in tomato (4-7% each). The presence of Xyl and Glc residues in PG Plant Physiol. Vol. 91, 1989 digests of MG fruit cell walls has been previously reported (24) , but the physiological significance of the release of these components remains uncertain.
The most significant change in the neutral sugar content of PG released polymers is the decrease in Gal as the fruit ripens. It has been proposed that the decrease in Gal during development may be due to a decline in the incorporation of Gal during the onset of senescence (18) . This hypothesis is consistent with the current results provided PG activity is present in situ. PG would instigate the turnover of RG I, while continued synthesis of Gal-poor polyuronides would serve to maintain the total uronide level in the wall during ripening. The establishment of the presence of in situ PG activity is presented in a subsequent paper in this series. A second interpretation for the change in Gal may be the presence of galactanase or galactosidase in the cell wall not detected in protein extracts employed in this study.
In conclusion, direct modification of the tomato cell wall polygalacturonan appears essential for its effective degradation by PG in vitro. One way to achieve this modification would be to alter the degree of methylesterification of the substrate. Deesterification ofthe polyuronide would favor PG activity. Certain differences in the composition of polymers released by PG as a function of developmental stage indicate that the polygalacturonan substrate also undergoes modifications, either by selective hydrolysis or polyuronide turnover. The primary structure of the polymer must ultimately be resolved to fully evaluate the significance of these events.
